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NOMENCLATURE 

Symbol Definition 

a craft length 

b craft beam 

Ci c2 
bearing capacity coefficients 

Eh3/12(l-o2) 

friction force 

Elastic Modulus 

acceleration due to gravity 

water depth 

ice thickness 

SEV cushion length 

Lh 
flat bottom length of hull 

characteristic length oJ" the ice 

normal force 

Pi load required to cause first crack 

p 
max 

load required to cause complete breakthrough fail 

Po water pressure on ice 

1 ice resistance 

1 time 

u craft velocity 

u a 
critical velocity of flexural wave in ice 

v velocity 

Preceding page blank 
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yt 

■ jiTtol 

w 

A 

6 

X 

H 

u 

a 

I 

Definition 

ice sheet deflection 

coordinate system with 

weight of SEV 

Dirac delta function 

scale factor 

friction factor 

Poisson's Ratio (=.3) 

mass density of ice 

mass density of water 

ire flexural strength 

potential  function 

ax*      3x23i/2    ay'* 

directed downward 
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I. SUMMARY 

The model test program for the Arctic SEV consisted of two parts. 

The objective of the first part was to determine the resistance of an 

SEV operating over ice covered water. The second part of the test 

program was concerned with the problems associated with parking the 

Arctic SEV on the ice. Each part consisted of a series of model tests 

conducted in the ARCTEC Ice Model Basin, Savage, Maryland, to empirically 

determine the desired relationships between the independent and dependent 

test variables. 

Resistance Tests 

The hydrodynamic resistance of an SEV operating over calm water is 

primarily the wave-making resistance. The SEV traveling over water creates 

a train of waves moving at the speed of the craft. The energy expended 

by the SEV in generating these waves results in a drag force or wave 

resistance. 

In a similar manne*, when operating over a floating ice sheet, an 

SEV will generate a train of flexural waves in the ice sheet. The shape 

of these waves and, hence, the resistance of the SEV is a function of the 

mechanical properties of the ice sheet. The model tests demonstrated 

there is a peak resistance which occurs in the vicinity of the critical 

velocity of flexural waves in the ice sheet. The peaks, however, were 

found to be less than the primary hump in calm water and decrease with 

increasing ice thickness. Tables of data and a nondimen^ional analysis 

of the data is presented in Section III of this report. 

— ■   -" 
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An unstable condition was observed with the model when operating 

near the critical velocity in thin ice. The shape of the wave generated 

in the ice sheet under the craft was such that it came in contact with 

the bow skirt. Friction between the skirt and the model ice caused the 

model SEV to pitch down by the bow until the hull made contact with 

the ice. This nose-in was observed only in the thinnest ice sheets of 

the tests; it was not experienced in the thicker ice sheets. 

Notwithstanding the fact that the testing was performed with the 

model restrained in surge and that the skirt friction over the model ice 

is high, this phenomenon requires further investigation. It is, there- 

fore, recommended that additional testing be performed specifically to 

investigate the interaction between the skirt system of the SEV with 

the wave generated in the ice sheet. 

Parking Tests 

The purpose of the parking tests was to determine the bearing capa- 

city of the ice as a function of the size and shape of the landing pads and 

as a function of the thickness and properties of the ice. Five different 

landing pad configurations were tested in model ice sheets of various 

thicknesses and mechanical properties. 

Analysis of the experimental data resulted in expressions for the 

bearing capacity for each model in the form of the following equations: 

aji* i  I 9 
P max _ lLb I1/2 

MaaaaMM 
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where 

Pi ■ load required to cause the first crack to appear in the ice 

P   = load required to cause a complete breakthrough failure of 
max  the ice 

h    = ice thickness 

a« ■ ice flexural strength 

U    =  flat bottom length of SEV hull 
o 

I = characteristic length of the ice 

Cud    -  constants determined experimentally and reported in Section IV. 

Using these equations, the mode of failure of the ice during parking can 

be predicted as a fun^clon of the ice thickness. A summary of these 

predictions is presented in Table 8 of Section IV (reproduced on following 

page). From this table it is interesting to observe there is no tremendous 

difference between these landing pad configurations. Therefore in 

practical working terms the 170 ton craft will breakthrough the ice if 

the ice is less than about 1.S feet* On the other hand, the ice will 

support the craft without cracks forming if the ice is greater t^.an 

approximately 2 feet* Also, as noted in Section IV, these conditions can 

be improved significantly by increasing the size of the pad. 

Because the ice did not support as much weight as was expected 

before the test, some of the above predictions are for ice thicknesses 

beyond the range of data collected during the model tests. It is, there- 

fore recommended that additional tests be conducted in thicker ice in 

order to extend the range of the test data. 

* 

a , = 70 psi 

I   ■ 300,000 psi 

mt—*»~~~**mmm — ■ -—    ■    "-    urn       m%\   ii 



ARCTEC, Incorporated 

- 4 - 

Table 8 

Summary of Parking Test Results 

Mode of Failure 

170 ton ASEV 

with Four Inflated Pads 

with Runners 

with Rectangular Inflated Pad h>2.]' 

540 ton ASEV 

No 
Failure 

Appearance 
of Cracks 

Breakthrough 
Failure 

Tz^^' l.S'^Z.Z' JKLS' 

h>}.9' l.S'^l.g' JKI.B' 

h>2.}' }.2'<h<2.1' h<1.3' 

with Four Inflated Pads 

with Runners 

with Rectangular Inflated Pad  /z^.e' 

1000 ton ASEV 

NOTE:    Ice Flexural Strength  (aJ = 70 psi 
Ice Elastic Modulus (fj ■ 300,000   psi 

h<3.Q' 

h<Z.6' 

/I<2.3, 

with Four Inflated Pads h>S.}' 4.2,<?:<5.r ;^<4.2, 

with Runners h->A.S' 3.6'<^<4.5, ^<3.6' 

with Rectangular Inflated Pad h>A.9' 3.5,<;2<4.9, ^<3.5, 

mm m 
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II. INTRODUCTION 

The model test program for the Arctic Surface Effect Vehicle 

(Arctic SEV) consisted of two parts. The objective of the first part was 

to de-ermine the resistance of an SEV operating over ice covered water. 

The second part of the test program dealt with the problems associated 

with parking the Arctic SEV on the ice. Each part consisted of a series 

of model tests in the ARCTEC Ice Model Basin to empirically determine 

the desired relationships between the independent and dependent test 

variables. 

The objective of the resistance tests was to determine the resistance 

of an Arctic SEV as a function of its size, speed, thickness of ice, and 

material properties of the ice. Particular emphasis was placed on deter- 

mining the peak resistance at speeds near the critical velocity of flexural 

waves in the floating ice sheets. 

The objective of the parking tests was to determine the bearing 

capacity of the ice as a function of the size and shape of the landing 

pads and as a function of the thickness and properties of the ice. 

Each part of the testing is discussed in separate sections of 

this report. 
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III. RESISTANCE TESTS 

Objective 

The objective of the resistance tests was to determine the 

resistance of an Arctic SEV as a function of its size, speed, thickness of 

ice, and material properties of the ice. In addition, it was desired to 

study the dynamic behavior of the ice sheet to determine if the ice would 

interfere with the operation of the craft and if there was any possibility 

of broken ice damaging the hull structure. 

Wave Resistance 

The hydrodynamic resistance of an SEV opetating over calm water is 

primarily the wave-making resistance. The SEV traveling over water creates 

a train of waves moving at the speed of the craft. The work done by the 

SEV in generating these waves results in a drag force or wave resistance. 

Recent theoretical investigations of wave resistance have been made by 

Newman and Poole [1], Barratt [2], and Doctors and Sharna [3].* 

In a similar manner when operating over a floating ice sheet, an 

SEV will generate a train of flexural waves in the ice sheet. The shape 

of these waves and, hence, the resistance of the SEV will be influenced 

by the thickness of the ice and the mechanical properties of the ice sheet. 

♦Numbers in brackets designate references at end of paper. 
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Flexural Waves in a Floating Ice ShPPt 

An analysis of moving loads on a floating ice sheet has been 

performed by Nevel  [4].    He uses the theory for the bending of thin 

plates to predict the deflection of the ice sheet, consideriig the ice 

to be homogeneous, iFotropk, and elastic. 

If a vertical, concentrated load T moves on the ice with a constant 

velocity u along the x-axis, the differential  equation describing the 

motion of the plate is: 

Dlkw + p0 + p.fz 
U2 

= P 5(x - ut)6{y) 
(1) 

where 

0 ■ Eh3n2{i - v2) 

E = Voung's modulus for ice 

v ■ Poisson's ratio for ice 

I ■ ice thickness 

^-   + 2 —2  
ax- 3x2ty2 

xtytz = a stationary cartesian coordinate system with a directed downward 

w = the? vertical deflection of the ice 

P0 = the water pressure on the ice 

p^ = the mass density of the ice 

p   = mass density of water 

I = time 

M = velocity of the load 

5 = Dirac's delta function 

P = vertical, concentrated load 
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From potential  theory and assuming that the water Is incom- 

pressible, the water pressure   :o    or. the ice can be expressed as: 

■:=■■'■-   ■ :-r\::   -   , (2) 

where | = scalar potential  function.    In this equation the non-linear 

velocity term has been neglected. 

Nevel  solved equation  (1) and extended the solution to 

include the problem of a uniform, circular, pressure distribution of 

radius R by replacing /  with 

I r2Ti / 7 (r/TtW2) rdrdQ (3) 

where /  represents the total  load. 

The results of Nevel's work demonstrated that the ratio 

of the wave surface deflection to static deflection becomes infinite 

when the velocity    N of the pressure distribution equals  the critical 

velocity M • as illustrated In Figure 1.    In addition, the critical velocity 

is found to be a function of the characteristic length of the ice sheet, 

density of water, density of ice, water depth and the size of the 

pressure/distribution.    In dimenslonless terms, the relationship between 

critical velocity and these variables may be expressed as: 
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where A Is the weight of the model .       The parameters container' in the 

function f. are all non-dimensional. 

Two of the non-dimensional  parameters contained in equation (6) 

can be neglected.    For full-scale ice in deep water, the small variations 

in i/  .' and inp.Ji/p. twill have a very small influence on the resistance. 
w 

For the model tests,  %fh varied froi;i 0.093 to 0.234 and pJi/pjL varied fron 

0.07 to 0.10.    Nevel   reports  that variations in these parameters within 

the ranges indicated will  have little influence on the critical velocity 

(Figure  2 ) and on the deflection (Figure 1).    As a result, the critical 

velocity can be assumed equal to 

-u . = 1.28    //F (7) 

By eliminating these parameters from Equation (6) and converting this 

equation from polar coordinates to Cartesian coordinates, the following 

relation is obtained; 

i.oe u b     a (8) 

/ 

where a  and b  are the dimensions of the model. It should be noted that 

even though a  and • are included as variables in Equation (8), they were 

constant for this test program since only one model was testeo. 
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Model Scaling Laws 

For model testing to be correct, the model must be both geo- 

metrically similar and dynamically similar. The first is achieved by 

scaling all dimensions by X,  the geometric scale factor. The second 

condition is achieved by maintaining the ratio of significant forces the 

same for the model and full scale craft. 

In testing an SEV over watir, the significant forces are gravity 

forces and inertia forces. Gravity forces will scale by X3 since the 

density of water is the same for both the model and the full scale craft. 

It then follows that the inertia forces must also scale by X3. This is 

achieved by testing the model at velocities which correspond to the same 

Fronde Number {u2/gL)  as the full scale craft, where L  is some charac- 

teristic dimension of the craft. 

From these principles, the scaling laws listed in Table 1 can 

readily be derived. These laws dictate that the model ice thickness, 

flexural strength, and elastic modulus be reduced from the appropriate 

full scale values by the scale factor X. 

i ■———     ———a—I>I      .  ._  .    _ .■_.  
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Table   l 

Scaling Laws for Modeling 

{h = ice thickness) 

(g ■ flexutal ice strength) 

{E = elastic modiTus) 

(p = mass density pf water) 

(p = mass density of ice) 

^fs 
= Sftm it  = time) 

"fl = & vm [9 - velocity) 

Rfs 
= 

ms {R - resistance) 

Jfs 
= 

ms (1 = mass moment of inertia) 

wfs 
- ^3 IC ms (M ■ mass) 

»fl = ^ms (u ■ kinematic friction factor) 

sfs 
= 

ms [B  = beam) 

Lfs 
= 

ms u = length) 
Pfs 

- X p Fms (p = pressure) 

The subscript fs is for full  scale; and ms, for model scale.    The symbol 

X is the geometric scale factor (>1). 

MMBM mm 
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Model SEV 

The model used for the resistance tests was a 1/7.5 scale model 

of the SK-5 pictured in Figure 3.    The characteristics of the model are: 

Length Overall: 5.18 ft. 

Beam: 3.17 ft. 

Weight: 50.5   lbs. 

Skirt Height: 0.47 ft. 

Cushion Length:        4.06 ft. 

Cushion Area: 9.78 ft.2 

Cushion Pressure:      5.16 psf 

Fan Speed: 2800 rpm 

The Arctic SEV Program is designing vehicles much larger than the 

SK-5; however, this model can be used without significant error to 

represent the larger craft by considering it to be of smaller scale. 

The appropriate scale factor is determined by the following relationship: 

X3 m weight of the full scale SEV 
weight of the model 

Three sizes of SEV's are being considered. The nominal weights 

of these crafts are 170, 540, and 1000 short tons. For the SK-5 model 

to represent these crafts, the scale factors are those in Table 2. The 

cushion pressure of the model would then represent the full seals cushion 

pressures listed in the table. 

For the resistance tests, the scale factor A = 19 was chosen and 

the properties of the model ice were scaled appropriately. 

. 



ARCTEC,  Incorporated 

- 17 

Figure 3.    Model of the SK - 5 (scale   ■ 1/7.5) 

^H ■MiMnaiM 
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Table 2 

Sea1« Factors Relating 

to Full Scale 

SK-5 

SEV 

Model 

Full Scale 
Weight of 
SEV 
Short Tons) Scale Factor 

Full Scale 
Cushion Pressure 

(psf) 

170 19 97 

540 28 140 

1000 34 180 
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Model Ice 

The properties of the model ice must be scaled according to the 

scaling laws listed in Table 1 . The thickness h of the model ice, 

the flexural strength o,, and the modulus of elasticity r must be 

reduced from the full scale values by the scale factor X, and the density 

p. must be equal to the full scale value. 

Control over these properties is possible using a synthetic model 

ice called MOD-ICE which has been developed by ARCTEC, Incorporated. 

This is a multi-component wax-like material which exhibits the desired 

properties. MOD-ICE was used for all of the resistance tests and will be 

referred to, herinafter, simply as "ice." 

By controlling the properties of the model ice, dynamic similitude 

between the model and full scale vehicle is achieved. 

Model Test Facilities 

The ARCTEC Ice Model Basin in Savage, Maryland, is 60 feet long, 

8 feet wide, and 4 feet deep. The water depth for the resistance tests 

was 2.9 feet. 

Barratt [2] investigated the effect of water depth on wave 

resistance. His results show that a water depth equal to the craft 

length can be treated as deep water and that the wave resistance will 

increase approximately 3% at a water depth to craft length of 0.5. 
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The ratio of water depth to craft length for the Arctic SEV tests was 

0.72, Indicating that the tank bottom wou^d not significantly influence 

the resistance measurements. 

With ice on the surface of the water, the effects of shallow 

water are related to the ratio of the characteristic length of the ice 

to the depth of the water. Nevel [4] determined this relationship, 

and his results have been included in Figure 2. From this Information 

it has been concluded that the model tests were all conducted in deep 

water. 

Newman and Poole [1] studied the effects of channel width on wave 

resistance. Their conclusions were that, except for the vicinity of 

ui/gH = 1, the effects of the walls on the resistance are negligible for 

tank widths greater than two model lengths and not serious for widths 

greater than one model length. The ratio of the width of the tank to 

model length for these tests is 1.97. 

The velocity corresponding to u2/gH = 1 is 9.7 ft/sec or 5.7 knots. 

Near this velocity the resistance data in calm water and over ice was 

undoubtedly influenced by the tank walls. 

The velocity in the towing basin was limited to less than 10 ft/sec 

primarily because of the length of the tank. At that velocity, the duration 

of the runs was only a few seconds, and higher speeds were not feasible. 

Thi:- limit was just above the primary hump. 

»*_ 
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Instrumentation 

Instrunpntatio- of the SEV model  included the followinq: 

velocity 

resistance 

roll 

pitch 

heave 

cushion pressure 

ice sheet deflection 

Each of the above variables was recorded on a light-pen oscil- 

lograph recorder. 

The ice sheet deflection was measured using a linear variable 

differential transformer (LVDT). The LVDT was fixed to the tank wall 

about midway down the tank. The core of the LVDT rested on a small pad 

of stiff paper on the model ice. As the model flew past the LVDT. its core 

followed the rise and fall of the ice sheet. This signal was recorded 

on the oscillograph recorder and gave a time history of the flexural wave 

height in the ice at that location. 

Ice Sheet Properties Measurements 

As part of each test, the following properties of the ice sheet 

were routinely measured: 

• thickness, h 

• flexural strength, aj- 

• elastic modulus, E 
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The ice thickness was measured every ineter down the length of 

the tank. These were recorded and an average value calculated. 

Flexural strength was measured by cutting several small canti- 

levers in the ice and "easuring the forces required to break them. The 

strength was calculated using the following relationship: 

- - IE* 
f  bh2 

where    P 3 force required to break the cantilever 

I = length of the cantilever 

b = breath of the cantilever 

k ■ thickness of the cantilever 

An average value was calculated for each model ice sheet. This 

is the method which has been used to measure ice strength during full 

scale tests in the Arctic. By performing the same test in the laboratory, 

the correct strength for model testing can be scaled from typical 

measurements made in the field. 

The elastic modulus was measured by deflecting the ice sheet 

downward and measuring the force and the deflection at a distance r  from 

the point of application of the force. 
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operating SEV's ^ver water. Tha bow skirt was tucked under the craft, 

and the resistance increased to a very high value. The ice thicknesses 

in which this occurred ranged from 0.72 to »,2 cm, corresponding to 5.4 

to 8.9 inches for the 170 ton craft. In each case, the craft was being 

flown at a speed near the critical velocity. 

This nose-in, which occurred only in thin ice, is attributed to 

the interaction between the skirt and the ice caused by the shape of the 

flexural wave in the ice beneath the craft. This recurred ? sufficient 

number of times to rule out an accidental cause. Ii considering this 

interaction the following factors should be noted: 

(1) The model was towed at constant velocity and was not free 

to surge. The full scale SEV will be fr^e to surge and 

will slow down as added resistance is met. 

(2) The skirt of the model is not geometrically scaled for 

the 170 ton Arctic SEV. 

(3) The location of the center of gravity and the flying trim 

of the full scale craft can be changed by the pilot. 

(4) The skirt friction between the skirt and the model ice is 

greater than that with ice. 

The model was successfully flown in thin ice near the critical 

velocity when the center of gravity was shifted aft 1.757, of the cusion 

length (0.0175 x 48.75 = 0.85 in.). In this condition, the nose-in 

problem was not experienced. The data from these tests were reported 

in Table 3 for Test No. 6, 12A, and 12B. 
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As part of the investigation cc the nose-in problem, calm 

wate- tests were conducted to eval iate the flying trim of the model; 

.md skirt friction tests were performed to determine the extent to which 

friction contributed to the problem. The results of these tests are 

reported in the following sections. 

Calm Water Tests 

Calm water tests were performed primarily to determine if the center 

of gravity of the model SEV was correctly located. The results of these 

tests are presented in Table 4 and in the graph of Figure 6 . Resistance 

data from tests at NSRDC, Carderock, Maryland (Reference 5) are also 

plotted in Figure 6 for comparison. 

The resistance of the model measured in the ARTEC Model Basin is 

ligher than that measured by NSRDC. This is attributed to the tank wall 

effect which was discussed in an earlier section. Tne wall effect also 

influenced the resistance measurements in model ice; however, since the 

resistance data over ice has been compared to the calm water resistance 

measured in the same test basin, the observations made and the conclusions 

drawn are valid. 

From these calm water tests, it was determined that the model weight, 

location of the center of gravity, fan speed were correct and that the 

model flew over water without any abnormal behavior. Except for the tests 

where the CG was shifted aft for experimental purposes, these conditions 

were set and held fixed for all tests. 
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Skirt Friction Tests 

Skirt friction tests were performed to determine if the drag of 

the skirt on the model  ice was causing the unstable behavior in thin ice. 

Two sets of tests were conducted.    The first was with the flying model, 

and the second was using a sample of the model skirt material. 

To conduct the tests with the flying model, a rigid platform was 

constructed in the model basin using 1/2-inch plywood over a 2 by 6 

frame.    Series of tests were run with the platform covered with ploy- 

ethylene plastic sheet and with the platform covered with the model  ice 

material.    During each series, the model was tested at its normal  trim 

condition and again trirrmed down-by-the-bow one degree.    The results 

of these tests are presented in Table 5 and plotted on the graphs of 

Figures 7 and 8.    These data show little difference in the drag for the 

normal  trim condition.    For the down-by-the-bow condition, however, 

there is a significant increase in the resistance. 

The second set of tests was to determine the friction factor between 

the model skirt material  and the ice.    These tests were conducted by 

pulling small pieces of ice over the skirt material.    Both saline ice 

and the model  ice were used in the tests.    Weights were added to the 

ice pieces in order to vary the normal  force.    Tests were run over 

a range of velocity from 0.075 to 0.90 cm/sec.    The data from these tests 

are in Table 6 and are plotted in Figure 9. 
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Table 6 

Friction Factor Tests 

i F V 
Test No. (grams) ((jrams) (cm./se 

Saline Ice Tests 5/1/74 

1 144 16.2 .075 
2 144 18.7 .450 
3 144 20.0 .900 
4 154 15.1 .075 
5 154 27.7 .450 
6 154 27.3 .900 
7 508 50.9 .075 
8 508 62.9 .450 
9 508 77.4 .900 

10 110 10.1 .075 
11 110 13.3 .450 
12 110 14.9 .900 
13 316 30.1 .075 
14 316 41.8 .450 
15 316 48.6 .900 

Model Ice Tests 5/2/74 

1 297 59.8 .075 
2 297 68.8 .450 
3 297 59.0 .900 
4 97 40.7 .075 
5 97 28.6 .450 
6 97 33.6 .900 
7 497 85.9 .075 
8 497 101. .450 
9 497 96.9 .900 
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The data was analyzed using the familiar model  for kinematic 

friction which is also referred to as dry friction or coulomb friction. 

The relationship is 

p ' \iN (9) 

where 

F = force due to kinematic friction 

p = kinematic friction factor 

N = normal force 

The friction factor of the model  ice is nearly twice that of the 

saline ice.    This undoubtedly contributed to the nose-in problem experienced 

As the bow skirt comes in contact with the ice due to the shape of the wave 

in front of the craft, the added friction causes the ncse-in.    While the 

added friction contributes to the problem, the fact that the wave in 

the ice resulted in contact between the ice and bow skirt is reason to 

investigate the problem further. 

Icebreakinq with the SEV 

While the purpose of the resistance tests was not to investigate 

icebreaking per se, it was  intended to determine if the broken pieces of 

ice interfered with the operation of the SEV.    No difficulties were observed 

during the tests; however,  several  interesting phenomena were noted. 

Icebreaking occurred in two ways.    At low speed the ice was  observed 
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to fail because the cushion pressure depresses the water under the ice 

sheet in the vicinity of the vehicle and large sections are left unsupported, 

The ice then breaks of its own weight.    This only occurred in thin ice and 

will depend on the cushion pressure as well as the thickness of the ice. 

The photographs in Figures 10 and   11    show model ice broken itn 'ng low 

speed tests. 

At speeds in the vicinity of the critical velocity, the ice would 

crack because of the wave generated by the moving craft.    The amount of 

damage to the ice appeared to be less than in the slow speed case. 

Both the low speed and high speed icebreaking phenomena have been observed 

in recent tests of full scale SEV's as was reported in Reference 6. 

(A copy of Reference 6 is included as Appendix A.) 

■a 
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Fiqure 10. Broken Ice After Slow Speed Operation 

Figure 11. Channel Broken by ASEV at Slow Speed 
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Conclusions and Recommendations 

The objective of the resistance tests was achieved in that it was 

demonstrated through model  testing that the resistance of an SEV operating 

over ice is a function of the mechanical properties of the ice sheet. 

In particular, there is a peak resistance which occurs in the vicinity 

of the critical velocity of the flexural waves in the ice sheet.    The peaks, 

however, were found to be less than the primary hump in calm water and 

decrease with increasing ice thickness. 

An unstable condition was observed when operating in thin ice 

near the critical  velocity.    The shape of the wave generated in the ice 

sheet under the craft was such that it came in contact with the bow skirt. 

Friction between the skirt and the model ice caused the model SEV to pitch 

down by the bow.    Notwithstanding the fact that the testing was performed 

with the model restrained in surge and that the skirt friction over the 

model  ice is high, this phenomenon requires further investigation. 

It is, therefore, recommended that additional testing be performed 

specifically to investigate the interaction between the skirt system of 

the SEV with the wave generated in the ice sheet.    This investigation 

should include several models  in order to determine the effects of 

variation of the beam to length ratio. 

m 



ARCTEC,  Incorporated 

43   - 

  

IV.     PARKING TESTS 

Objective 

As part of the total  model  testing program,  four days of testing 

were devoted to performing parking tests.    The purpose of this testing 

was to form a basis upon which to design a landing pad configuration 

to enable an Arctic SEV to park on the ice.    In forming this basis two 

areas were of particular interest.    The first was to observe the manner 

in which the ice failed for a given landing pad configuration, and the 

second was to determine empirically the bearing capacity of the ice as 

a function or the ice thickness and ice properties for different landing 

pad configurations.    The best landing pad configuration corresponds to 

the one which permits  the Arctic SEV to park on the thinnest ice 

without the ice failing in some manner. 

From discussions with the Arctic SEV Program Office, the 

following five (5) configurations, which are depicted in Figures 12 

through 16 for a 170-ton craft, were chosen to be tested: 

• Four Hard Pads 

• Runners 

• Inflated Rectangular Pad 

• Four Inflated Pads 

• Inflated Circular Pad 

These configurations, with the exception of the circular pad, were selected 

based on preliminary design considerations   aid on design work going on 
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elsewhere. The actual dimensions of each of these configurations are 

based primarily upon the particular design of the craft with constraints 

imposed due to the basic structural design and imposed to prohibit the 

supports from interfering with the operation of the craft. As an aid 

in developing empirical expressions for the bearing capacity, the 

circular pad was proposed as an additional test configuration because 

of its radial syminetry. The load area for the circular pad was chosen 

to be the same as that of the rectangular pad. Using these designs for 

the 170 ton craft, models of each were constructed of plexiglas with 

foam rubber ui.ed to represent the inflated pads. A scale factor of 

19 was selected in constructing and testing these models to enable the 

results of these parking tests to correspond directly to the model 

used for the flying tests. 

Test Procedure 

The test program consisted of determining the bearing capacity of 

the ice as a function of the craft size, size and shape of the landing pads 

and the th ckness and properties of the ice. Using these rasults, the 

minimum required ice thickness to support a full-scale craft can be established 

for the different landing pad configurations. The minimum of these corres- 

ponds to the best configuration, that is, the one which permits the craft 

to park on the thinnest ice without the ice failing. 

The overall test plan consisted of testing all five models in four 

MOD-ICE sheets of various thicknesses and properties. In addition, two 

of these data points were duplicated by testing the model with the four 

inflated pads twice in two of the sheets yielding a total of twenty-two 

(22) data points. 
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For each test, the following variables i,'ore either measured, 

calculated, or recorded: 

• h     sheet thickness 

• o. " flexural strength of sheet 

• E -  elastic modulus of sheet 

• i. -  characteristic length = 

• /' "■ load trace 

Failure Crack Pattern 

rt.1 Fh 
ih 

12p^(l-v2 

Dimensions of Failure Pattern 

A typical testing sequence began with the elastic modulus measurement. 

This measurement was pe    d by depressing the sheet at a constant 

deflection rate while recording the magnitude of the corresponding load 

and deflection of the sheet a specified distance away from the load. 

From this record, along with the sheet thicknesses, the elastic modulus 

was calculated using the standard force-deflection relation for a plate 

on an elastic foundation. Following the elastic modulus measurement, 

the first model was attached to a specially machined, hollow steel 

force block which is suitably instrumented with semi-conductor drain 

gages to sense the applied loads. The model was then positioned at a 

selected location as depicted in Figure 17. The model was then rlowly 

lowered at a constant deflection rate to represent an SEV gradually 

parking. As the model began to depress the sheet, the output signal 

from the force block, which is proportional to the load applied to the 
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Figure 17.    Parking Test Set-Up 
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model by the sheet, was amplified and recorded permanently on an oscillo- 

graph recorder. The constant deflection rate was continued until a 

complete breakthrough failure occurred at which time the force began 

to decrease. The model was then disconnected from the force block and 

the next model connected. While this was being done, the failure pattern 

including appropriate dimensions and sheet thicknesses were recorded. 

Also, black and white prints were taken of the failure pattern in order 

to have a permanent record of the pattern. The same procedure was then 

repeated for the next model. After all the models had been tested, the 

force block was calibrated to insure proper correlation with the applied 

model forces. Following the testing of the models, the flexural strength 

of the MOD-ICE sheet was measured bv breaking insitu cantilever beams. 

Test Results and Analysis 

A summary of the test data is presented in Table 7. From the 

oscillograph record of the load trace, two loads were extracted. The 

first was the load which caused the first crack to appear (pj and the 

second was the maximum load (/'  ) which corresponds to a complete break- ma x r r 

through failure of the sheet. The typical crack pattern and load trace 

for each model are sketched in Figures 18 through 22. In addition, the 

dimensions of the crack pattern for each test are tabulated in each of 

these figures. 

The mode of failure for each model test followed the same general 

sequence. Th» models were slowly lowered at a constant deflection rate. 

As the models rame in contact with and began to depress the sheet, the 
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Figure 19 

Failure Pattern for Runners Model 

Load Trace 

First Crack 

Breakthrough 

28 cm Crack Pattern 

Test Day    a (cm)    /.(cm) 

4-9-74 
4-16-74 
4-18-74 
4-22-74 

132. 
138. 
145. 
139. 

70.5 
85. 
90. 
79. 



ARCTFC, Incorporated - 57 

Figure 20 

Failure Pattern for Inflated Rectangular Pad Model 

Load Trace 
Contact 

I^X^First Crack   Breakthrough 

Test Day 

4-9-74 
4-16-74 
4-18-74 
4-22-74 

127. 
129. 
142. 
127. 

A 
27 cm 

93 cm 

a(cm)    Hem) 

90. 
86. 
87. 
74. 

Crack Pattern 

^—^g—, 
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Figure  21 

Failure Pattern for the Four Inflated Pads Model 

58 - 

Load Trace 

Test Day 

4-9-74* 
4-9-74* 
4-16-74 
4-18-74** 
4-22-74* 
4-22-74 

Breakthrough 

Crack Pattern 

c(cm)  Mem)  g(cm)  djem)       ejem)     /(cm)  njem)       Mem) 

53. 

56. 

38.   53. 

56. 

3^.5 
n.a. 

10.5 
45. 

44. 
50. 

28. 
27. 

30. 
35. 

39. 
42. 

41. 
55. 

25.5 
33. 

29. 
35. 

* 
*♦ 

~ aft e.g. location 
- Failure Pattern occurred as large circumferential cracks about the 

two bow pads and two aft pads. Dimensions for these cracks were 
61 cm x 81 cm and 63 cm x 77 cm. 

mm 
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force increased in a linear manner with increasing deflection. This 

continued until the load increased to Pi and a large circumferential 

crack (first crack) appeared. As the motion continued beyond this point, 

the force continued to increase but at a lower rate. With further 

deflection, additional cracks began to appear until a complete break- 

through failure occurred and the load began to decrease. This failure 

usually corresponded to a second circumferential crack located between 

the boundary of the model and the first outer circumferential crack. 

In analyzing the failure sequence, the bearing capacity can be 

defined as either the load to cause the first crack to appear {PX)  or 

as the load to cause complete breakthrough failure (P__ ). The analysis 

presented in this section treats both. The bearing capacity, whether 

it is characterized by P. or by P      , can be expressed in the following '     i '    max 

functional  form for each model: 

P, = ftih, cy, f) 

Pmn -f2{h,ar E) 
(10) 

where 

pi = load required to cause the first crack to appear 

Pmx = l03^ required to cause complete breakthrough failure 

^ = ice thickness 

0f = ice flexural  strength 

E = elastic modulus of ice 

In order to replace the above functional  equations with empirical ones, 

either of two approaches can be used to analyze the test results.    The 

MMM 
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first is to analyze the data in its dimensional  form.    Using this method 

each independent variable {h, E and oj must be investigated in turn to 

determine the corresponding influence on the dependent variables (P, and 

P     ).     Because of the limited amount of data, this approach proves to 
max 

be extremely difficult if not impossible.    The second approach is to 

use dimensional  analysis.    To use this method, equations (10) must be 

transformed into appropriate non-dimensional ones.    To accomplish this, 

consider the mode of failure  which can be described as bending 

failures     occurring   when bending stress at the outer fibers of the sheet 

equal  the flexural strength af.    From elementary plate theory, the maximum 

bending stress can be expressed as: 

M 
_     max #,.i 

where N  = maximum bending moment per unit length. For a plate 
max 

on an elastic foundation, M v can be expressed as: max 

M  =Pxf (S-) (12) Mmax  ^ x Ja 4 ' 

where - is some designated parameter which describes the size of the load 

area. As an example, the parameter I  for a small uniform circular load is 

defined as the radius of the load area. Substituting equation (12) into 

equation (11) yields 

wir x **& (,3) 

MMaM 
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■   A(f-) (14) or rearranging     =  7— JI»V£ 

Using this equation as a basis, equations   (10)     can be transformed into 

the following non-dimensional ones: 

of A(H (15) 

P 
max  _ ,. ,K 

, :• /•(f-) (16) 

'max 

aJi' 

where ^-j^  » 7^7-  = non-dimensional bearing capacities 

{rjl )      = non-dimensional load sü? 

To proceed from this point, th^ parameter t  must be defined. 

Because of the diversity of the models, it was decided to use the length 

of the flat bottom of the hull (i.) as r for all the models. In this manner, 

^/J,  corresponds to the same ice conditions and craft size for all the 

models. From the standpoint of comparing models, this enablr the best 

landing pad design to correspond to the design with the highest P/aJi2 

at a given 5/1 . Also by defining ^ as I, , the results can easily be 

related to craft size, that is, a 170 ton craft, 540 ton craft, and so on. 

Substituting L^  for ü equations (Ib)and (16)become: 

MM 
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y -     =  f (—) 2 T*H ' (17) 

max 

a/2 

=   / (—) 
(18) 

where the functions    f, and /6    must be determined from the data.    To 

were plotted versus L,/£    on determine these functions, -H^- and —ry 

log - log paper as shown in Figure  23   .    From these plots, it is seen 

that the bearing capacity for each model can be expressed quite well by 

the following equations: 

of Hi 
1/2 

\       3. < / < 6. / — i   — 

r. max 
L    \1/2 

=    C 
aji 

2   i 

(19) 

where C. and 6'2 are defined by the following table for the different 

landing pad configurations: 

Landing Pad Configuration '■i C2 

Four Hard Pads 9.69 13.92 
Runners 5.54 ft.04 
Rectangular Inflated Pad 4.86 10.09 
Four Inflated Pads 4.68 6.48 
Circular Inflated Pad 4.98 8.29 
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Parking Test Results 
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These results are presented in graphical form in Figure 24.    A 

discussion of these results Is presented in the next section. 
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FuH-Scale Prediction 

The full scale predictions for the 170 ton, 540 ton and 1000 ton 

crafts are presented in dimensional form in Figures 25, 26 and 27 respec- 

tively.    In each figure, the following two plots are shown:    (1)    ice 

thickness versus load to cause the first crack; and (2) 1ce thickness 

versus load to cause breakthrough failure of the ice.    To use these plots, 

one enters with a known craft weight and determines the minimum ice thick- 

ness for which the failure condition will not occur for a particular land- 

ing pad configuration.    If the ice is thinner than this value of thickness, 

the failure condition will occur while if the ice is thicker, the failure 

condition uill not occur.    To illustrate this further consider the 170 ton 

craft with an inflated rectangular pad (model number 3).    From Figure 25, 

it is seen that if the ice is thicker than approximately 2.1  feet no cracks 

will occur.    If the ice thickness is less than 2.1 but greater than 1.3 feet, 

the craft will  cause cracks to appear.    Finally if the ice is less than 

1.3 feet thick, the craft will breakthrough the ice.    Using these plots in 

this manner. Figures 28, 29, and 30 are presented for the three craft sizes 

and for each landing pad design to depict under what conditions the follow- 

ing three failure responses will occur: 

• No Failure 

• Appearance of Cracks 

• Breakthrough Failure 
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Failure Mode fro 540 Ton SEV. 
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In using these plots in this manner it should be noted that: 

(1) The ice thickness of interest is beyond the range 

of data for some of the models. In formulating tne test plan for these 

tests, it was thought that the non-dimensional bearing capacities 

(Pj/aiz2 and P-^/aJi*)  would be independent of the load size iu/i) 

since L, was between 3 to 6 times the ic3 characteristic length t.    If 

this were true, the range of data would have easily included the icft 

thicknesses of interest. Also if this were true the bearing capacity, 

P1 and /'„t would have been predicted higher than what a given thick- 

ness of ice could support in reality. Therefore, as a result of these 

model tests, it was discovered that the bearing capacities are still a 

function of load size (i.A) and that thicker ice is required to support 

a given craft than was first thought. 

(2) From these plots it would first appear that the model 

with four hard pads would be the best choice since it requires the 

thinnest ice to support the craft. These pads, however, for the 170 ton 

craft are only 5 inches high. Because of this, as the craft begins to 

park and depress the ice sheet, the hull of the craft will come in contact 

with the ice at the periphery of the flat bottom. The craft is no longer 

completely off the ice and its hull structure is supporting a portion of 

the total weight of the craft. The reason why this configuration appears 

to be the best is because the weight is being distributed over a larger 

area. If these pads were of the same height as the inflated pads, the 

failure response would have been similar. 
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Conclusions and Recommenddtions 

From Figures 23, 29 and 30 presented in the previous section, 

a summary table (Table 8) can be written for the mode of failure of 

the ice during parking as a function of ice thickness for different 

landing pad configurations. In this table, the results for the Four 

Hard Pads have not been included because of the discussions Resented 

in the previous section. In addition, the results for the Circular Pad 

were not included because it is not a realistic alternative design. 

From this table it is interesting to observe there is no tremendous 

difference between these Idnding pad configurations. Therefore in 

practical working terms the 170 ton craft will breakthrough the ice if 

the ice is less than about 1.5 feet.* On the other hand, the ice will 

support the craft without cracks forming if the ice is neater than 

approximately 2 feet.* 

A significant reduction in the thickness of ice required to support 

the craft can be achieved by increasing the area over which the weight 

is distributed. This is the effect which was seen in the results of the 

tests with the four hard pads. 

It should be emphasized that some of the above stated responses 

are for ice thicknesses beyond the range of data collected during the 

a . ■ 70 psi 

E   = 300,000 psi 
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model tests as discussed in the previous section. Because of this we 

recommend that additional tests be conducted in thicker ice In order to 

extend the range of the test data. By doing this we can gain confidence 

in the above predictions of the required ice thickness necessary to 

support the craft. 










